Abstract-A novel bio-inspired optimization algorithm is proposed in this paper namely barnacles mating optimizer (BMO) algorithm. The main inspiration of BMO is originated from the mating behavior of barnacles in nature. Barnacles are hermaphroditic micro-organisms which have both male and female sex reproductions. To create new off-springs, they must be fertilized by a neighbor. They are well-known for their long penises, about seven times the length of their bodies to cope with the changing tides and sedentary lifestyle. In BMO, the selection of barnacle's parents is decided randomly by the length of barnacle's penis to create new off-springs. The exploitation and exploration processes are the generation of new off-springs inspired by the Hardy-Weinberg principle and sperm cast situation, respectively. The effectiveness of proposed BMO is tested through a set of benchmark multi-dimensional functions which the global and local minimum are known. Comparisons with other recent algorithms also will be presented in this paper.
I. INTRODUCTION
In the last decade, there has been an intense research activity proposing new algorithms that inspired by the nature to solve optimization problems. Nature inspired algorithms are becoming very popular due to several factors: easy to adopt, flexible, not requiring very complex mathematical derivation and able to avoid local optima problem. They are normally following the simple set of rules that mimic the behavior or property of phenomena or animals. To solve optimization problems, nature inspired algorithms will treat them as a black box and the solution is found by looking at the input and the output. This makes them highly flexible for solving a diverse range of problems [1] .
To date, there are many algorithms have been successfully applied to real-world optimization problems such as the popular genetic algorithm (GA) [2, 3] , particle swam optimization (PSO) [4, 5] , artificial bee colony (ABC) algorithm [6, 7] , ant colony optimization (ACO) [8] and many more. As stated by the no free lunch (NFL) theorem [9] , no algorithms can perform well in all optimization problems. One can perform well in one problem and suddenly is performing worst in other set of problems. Thus, researchers are motivated to invent new optimization algorithms to deal with varieties of optimization problems which have been proposed in recent literatures [1, [10] [11] [12] [13] .
This paper proposes a new bio-inspired algorithm namely barnacles mating optimizer (BMO) which mimics the mating behavior of barnacles. To the knowledge of authors, there is no previous studies on this subject in the optimization literature. The rest of the paper is organized as follows: Section 2 presents the algorithm's development of the BMO followed by results and discussion in Section 3. Section 4 states the conclusion of the paper.
II. BARNACLES MATING OPTIMIZER (BMO)

A. Barnacles
Barnacles are micro-organisms that can be found in or very closely to sea water. They are most often seen as roughly circular sessile invertebrates and permanently attached to the substrate they live on. In their juvenile form, they are freefloating in the sea water. Once they attach themselves to any rock, shell or other objects, they will stay there for the rest of their lives. Most of them are hermaphroditic and one of the most special characteristics of barnacles is they have long penises which is the longest in animal kingdom, relative to their body size [14] .
In typical hermaphroditic barnacles, a functional male search for partner by random penis movements and then deposits sperm into the partner's mantle cavity. To copulate, a barnacle must be within penis range of at least one neighbor. If the barnacle is isolated, two types of mating may be occurred: self-fertilization and sperm-cast. Even though selffertilization is theoretically possible, it has been experimentally shown to be rare [15] . Sperm-cast mating on the other hand is the mating process where the eggs are fertilized by sperms that released into the water. These behaviors becoming the inspiration in the development of BMO to solve optimization problems.
B. Hardy-Weinberg principle for off-spring's generation
Hardy-Weinberg principle states that allele and genotype frequencies in a population will remain constant from generation to generation in the absence of other evolutionary influences. 
C. BMO development
• Initialization.
In the proposed BMO, it is assumed that the candidate of solutions is the barnacles where the vector of population can be expressed as follows:
where N is the number of control variables and n is the number of population or number of barnacles. The evaluation of the vector X is executed initially, and the sorting process is performed to locate the best solution so far at the top of vector X.
• Selection.
Selection process mimics the behavior of barnacles which are based on the following assumptions:
i. The selection is done randomly but restricted to the length of barnacles' penises, denoted as pl. ii. Each barnacle may contribute its sperm as well as to receive sperm from other barnacle and each barnacle only can be fertilized by one barnacle only at one time even though in real life, the female can probably be fertilized by more than one male [14] . iii. If at the certain point, the selection process selects the same barnacle, it means that self-mating or selffertilization supposed to be happened. From [15] , self-mating is very rare even though barnacle has both male and female reproductions (most of barnacles not self-mating), thus in this paper, selfmating will not be considered where at this point, no new off-spring will be generated. iv. If the selection at the certain iteration is more than the pl that has been set, the sperm-cast mating is occurred. Fig. 2 illustrates how the selection is being done. Once the initialization has been performed, the best solution so far has been determined and located at the top of the candidate of solution, X. Let say that the maximum length of barnacle's penis is set to seven times from its size (pl =7), thus at certain iteration, barnacle #1 is only be able to mate with one of the barnacles #2 to #7. If barnacle #1 selects barnacle #8, it is over the limit, thus the normal mating process does not occur. So, the new offspring generation is generated by sperm-cast mating. It is worth to highlight that this is just how the algorithm is operated in terms of ranking system and not specifically related to real distance of the barnacles. The following simple selection is used which are expressed in mathematical forms:
where the barnacle_d and barnacle_m are the parents to be mated and n is the number of population. Eqns. (2) and (3) show that the selection is made randomly and fulfil the assumption no 1 in previous sub section.
• Off-spring generation.
The new off-spring generation for BMO is inspired on the Hardy-Weinberg principle which has been mentioned in previous sub-section. The following expressions are proposed to produce the new off-spring from barnacle's parents:
where k = |barnacle_d-barnacle_m|, p is the normally distributed pseudo random numbers q = (1-p), x N barnacle_d and x N barnacle_m are the variables of Dad and Mum of barnacles respectively which has been selected in eqns. (2) and (3) and rand() is the random number between [0, 1]. It can be said that p and q represent the percentage of characteristic of Dad and Mum that embedded in the generation of new offspring. Thus, the offspring inherits the behaviors of Dad and Mum based on probability of random number between 0 to 1. For easy illustration, let's say p is 0.6 (randomly generated), it means that 60% of the Dad's characteristics and 40% of Mum's characteristics are embedded in the new offspring generation. It is worth to highlight that eqns. (4) and (5) are the exploitation and exploration processes, respectively. For exploration process, only Mum's barnacle is involved. This is due to the new offspring is generated by Mum's barnacle since its receiving the sperm from the water that has been released by the other barnacles elsewhere. The pseudo code of BMO is shown in Fig. 3 . The BMO starts the optimization process by creating a set of random solutions. New off spring of barnacles are generated based on Eqns. (4 -5) . The best solution so far is updated in each iteration where it is located at the top of the vector X. To control the matrix expansion from the population size, each new off spring of barnacles is evaluated and merged with the parents. From here, the sorting process is done to select the half of the top solution that fit the population size. The poor results are assumed to be dead and eliminated. 
III. RESULTS AND DISCUSSION
The proposed BMO has been tested on 23 benchmark functions (F1 -F23) [1, 10] . Prior to that, the performance of BMO is evaluated on Sphere function (F1) to analyze the performance of exploitation and exploration. Figures 4-6 show the effect of pl for barnacle's population of 10. The dimension is set to 2 and the figures show the behavior of barnacles' generation to search for global optima from initialization phase to 10 iterations. From these figures, it can be seen that the selection for pl = 5 and 7 are performing well towards global optima. This means that the proposed selection for pl for balancing the exploitation and exploration can be set to 50% to 70% from the total population. However, the selection of pl is depending on the different set of problems to be solved.
The performance of BMO is furtherly tested and analyzed on 23 benchmark functions where the comparison with other recent bio-inspired algorithms namely Salp Swarm Algorithm (SSA) [1] and Whale Optimization Algorithm (WOA) [10] as well as a classic evolutionary algorithm viz. Genetic Algorithm (GA) also have been conducted. The parameter setting for SSA and WOA are set exactly referring to [1] and [10] respectively. All the selected algorithms are run in MATLAB 2014a, 4.0 GB RAM, Intel(R) Core ™ i3-2100 CPU@3.10 GHz to ensure similar condition setting for all algorithms.
These benchmark functions can be classified into three categories: unimodal (F1-F7), multi-modal (F8-F13) and composite test functions (F14-F23) . For all simulations, 10 barnacles and 200 iterations are set for population and maximum iteration respectively. These setting also are enforced for SSA, WOA and GA. Each test function was run for 30 times to generate statistical results. The performance indicators were used to quantitively compared the algorithms which are the best, the worst, average as well as standard deviations. The simulation results are tabulated in Tables 1, 2 and 3 respectively.
From Table 1 , BMO has obtained the best performance compared to GA, SSA and WOA. The best results are marked in bold for better visualization. The results shown depicted that BMO is substantially better most of the unimodal test functions. Unimodal functions have only one global optimum, so the results clearly show that BMO has better exploitability compared to GA, SSA and WOA. The results tabulated in Table 2 are consistent with those in Table 1 , where BMO is superior compared to GA, SSA and WOA. The multi-modal test functions have significant number of local optima. From the results, it can be concluded that proposed BMO is efficient in avoiding local optima during optimization process. The simulation results of composite test functions are exhibited in Table 3 . From this table, it can be noted that BMO provides very competitive results compared to GA, SSA and WOA. Composite test functions require a proper balance strategy between exploitation and exploration to achieve the global optima. Thus, the proposed BMO is properly balance in the processes of exploitation and exploration to achieve near global optima results. IV. CONCLUSION In summary, a new novel bio-inspired optimization algorithm inspired by barnacles' mating has been proposed in this paper. The concept of mating behavior of barnacles has been employed in the proposed algorithm. The performance of proposed BMO has been tested and verified through 23 test benchmark functions. The results obtained by BMO showed that it was able to provide very competitive results and outperformed most of the results compared to GA, SSA and WOA.
